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‘J’tm objmtivc  of this sludy was to c,valualc the rcquimncnls (incluciillg systc.rn inlcgration,  design, lcsl
re~p]ircmcn[s, and schc(iulc) for the propulsion and power conversion syshms  of a nuclear clcclric propulsion (N1 T)
vc. hic]c using an S1’- 100 reactor with a dynamic power conversion syskm, 1,i-propellant  nlagt~ctol)las~  l]a(iyl]:if]lic
(Ml’]}) thruslc.rs, 1.i-propcjlant storage and feed syslcms, and the. power conditioning clcclronics rc.quire~i 10 convcr’1
the powc.r output from Lhc power systcm to the. form (voltage., currc.nt) nc,cdckl by lhc thruslc,rs. }’(Jtassiill]l-Rar~kitIc
power conversion systcrns have the pmntial  for the grcalcst mission benefit in lcrms of minimum mass and volume
(as comparc~i to Braylon or Stirling power conversion syslcms), bol tilcy require the mosl cicvcio])lnc.n[. 1 ligll-
curi-cnl, low-vo]tagc  turboaitcrnalors arc. nc.c.(ic.(i for tile M}’I) thruslc.r syslcrn cnvisionc(i  hc.rc, allhough o n c
aitc.rna[ivc would bc 10 usc more. near-tc.rm high-voltage alternators at the potcnlial cm of higher rcc.lificr lossc.s or
addc~i lrmsformcr mass. Power processing is not cxpcclc{i to bc a n]ajor Lcchno]ogy  driver, but (icvclopmcnt of high-
currcml, low-vollagc  space- and radiation -quaiific.d components is ncc.(icxi.  l~inall y, incrc.ascs in Ml>l J thruslcr 1 ifc
woui(i rcfiocc mass, syslcm complexity, an(i packaging conslrainls; similarly, higher lhrustcr cfficicmcics arc {icsirabic
10 miucc trip t imc..

DL Lll!2NI ., \

‘1’hc focus of lhis study was LO address the technology readiness an(i (icvclopmcnt  rcquircmcn(s of lhc dynamic
power conversion, power processing, and r]~agtlclo]~iast]~ a(iyl~at~~ic  (Mi’1))  thruslcr syslcrns of a nuclear c.icc.lric
propuisim (NFT)  vchiclc designed for a Mars cargo mission (1’risbc.c and } Ioffrmn 1993). ‘1’hc overall vchick
c.onfiguralion  shown in IJigurc 1 is based on the usc of tlmx 50(-kWc  power mmiulc.s cacil consisting of an S1’- 100
nuclear reactor and a dynamic power conversion syslcm. A potassium (K) Rankinc  power conversion systcm i]a(i
prcvious]y been found (Frisbee and 1 loffman 1993) to have the grcatcs( mission bcncfi[ in tc.rms of minilnum mass
an(i voiumc, as compared to a Braylon or Stirling power conversion syslc.m, an(i is lhc syslcm cvalu:ilcli here.
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}1’JGLJR1{ 1. Megawatt-Ciass Nuclear Iiicctric l’repulsion (NIil’) Vc.hiclc. wilt] 1,i-1’ropcllanl Ml’I) ‘1’imstcrs.

‘1’hc lotal 15(X) kWe, of “bus” electric powc.r is (iivi(icii bctwczn two 750-kWc MPD  thrusters, 1.itllillf]l-])ro]~cllalll
Ml’] J tluwslcrs were sclcL[cci for charac(c.rixation  in this study based on ihc.ir dcmonstratcci n]cgawatl-ic.vci powc.r
processing capability. Wc sclcctcd 1.i-propcllarr(,  applied-field MPD  thrusters bccausc  of their projcctc(i goo(i
efficiency al relatively low specific irnpulsc (I@. By contrasl, a self-ficid MPI  ) ti~rustcr has a lower ]mjc.clcti



efficiency and lower opc,raling  voltage than a cormsponciing  applic.d-field M I’IJ thruster (J;risbcc a!ld 1 loffman
1993). M}’]) lhrustcr lifetimes arc projcmxi to bc. about 3,000 hours (1/3 year); thus, for a roughly 2-year Mars
cargo mission, at ]Cast (i pairs of thruslc.rs 11)11s1 bc ruTl in sc.rics.  (A pair of gimhal!c.d thruslcrs arc usc.d to provide
3-axis spacecraft attitude control.) Additional thrusters arc added for redundancy. };inally, the M1’IJ lhrus[crs can bc
throulcd to acc.onmmdatc  reactor-out or olhcx less-l}lan-l]c}lllir]al power silwdlions.

“1’tw payload (the Mars 1.andcr Module) anri the power processing rnodulc. (PPM),  which contains the jmwcr
processing unit (} ’I’U) electronics as WCII as the olhcr s;)acccrafl syslcrns (chc.mical orbit raising and atlitu(ic conlroi
pro}mlsion sysIcn~, guidance, navigation, controi, tclczol]]r]~llr]ications,  and so on), arc kci~t al a 24-n) ciis[ancc  from
tile reactor an(i power conversion systems 10 nlinimi?.c lilt radiation and thermal cffccls of Lhc power syslcm on tiIc
P}’M and payload. Similarly, a 25-n~ dislancc is used bctwccn tiw PPM and the liihi(]l~]-pro]~clian[ M1’11 tilruslcrs
ill or(icr to minimi~.c the, po[cntiai for conLan~ination  of ti)c payload or ti]c P1’M ra(iiator wi[il con{icnsab]c. liliiium
from li)c thruslcrs’ cxilaasl plumes. ‘1’hc ovcraii vci~iclc configuration is also driven by lhc, need [o package ti~c
various componcmls  within a launch vchiclc; wc assumed tiw usc of an I\ncrgia launch vchiclc, which can lransporl a
100 metric Ionnc pay]oa(i 10 low Harlh orbit in a 5.5-n~ (iiamc[cr  by 37-m long payload cnvclopc (lsokowi~z 1991
and IMyc.r 1993). With LIICSC assumptions, it is pmsibic to package the. }’J’M, thrus(c.r clusters, 1,i propc]iant tanks,
dc.idoyablc  plume silic.ld, an(i rcaclor-to-PPM and PPM-to-thruslc.r  cluster booms in onc Ilncrgia launci), lim Ihrc,c
rcaclor an(i power conversion rncxiulcs in a sccon(i launch, an(i LIm paykmi in a third launch.

};inail y, in evaluating lhc power conversion systc.m, wc assumed that the S1’-100 rcaclor systcm wotii(i foiiow ils
prcviousi y planned dcvclopmcnu tiius, the SP- 100 rcaclor subsys[cm was not trca[cd in any (iclail. la lhc rc.main(ic.r
of the paper, wc wiil  first review the current status ami technology rca(iincss lc.vci of the various systems, aT]ci
colIclu(ic wilil an ouliinc. of lhc [icvclopmcnt ami lcslillf~clllaiificatioll sci~cxiulc  for Lhcsc syslcms.

J{]jv]]~w ()]? ‘1’1]1~  ~lJ~~l;N’I’  s’j’A’I’~~.~l/.’J”}  IIA~{rjrj’  ‘J’}<:~l]N()],()~y I<llA1)l  NIISS l/ICVtl/!j
/lND l)lCVlll.OPMltNT  I{llOLJI I{ ILN11;N’I’S

‘1 ‘he. currcmt s[a(c-of-the-ar[, tc.chnolog y rca(i inc.ss, anti ncixicd rc.search an(i dcvclopmcmt in each arc~ of subsystc.n  I

tccilaology were {ic.tcrmincd by evaluating pasl work an(i accon~plishrncnts  (Rockctdync 1989, NASA 1,c.wis
Research ~cntcr 1992, Myers 1993, i%lk and }’iviro[[o 1993, }iarly 1992, }{waid and Vito 1993, an(i ‘] ’cmplc 1993),
ami by assessing the future dcvclopmcnt rcquircmcnis. ‘1’hc. di ffcrcnl componc.nts were. assignc(i  a Nationai
Aeronautics and Space ,kiminislmtion (NASA) technology readiness ICVCI, which is defined in l;igurc 2.. ‘1’hc rc.suits
for c.ach of the components in lhc power conversion, power procc.ssing, and MI’IJ  [hrLlslCr syslcm  arc. given in
‘l”ablcs 1 [o 4.

LEVEL 1

LEVEL 2

LEVEL 3

LEVEL 4

LEVEL 5

LEVEL 6

LEVEL 7

LEVEL 8

LEVEL 9

BASIC PRINCIPLES OBSERVED AND ‘----;
REPORTED t

,

CONCEPTUAL DESIGN FORMULATED {
,
d

CONCEF’l  UA1 DESIGN lESIED
,
F----”

ANALYTICALLY OR EXPERIMENTALLY :
TECHNOLOGY
[) EVELOFIMENT

CRITICAL FUNCTION / CHARACTERISTIC ;
DEMONSTRATED dd 1
COMPONENT /BRASSBOARDTESTED ---~
IN RELEVANT ENVIRONMENT

I

ADVANCED
PROTOTYPE /ENGINEERING MODEL TE.STEEI [) EVELOF’MEN1
IN RELEVANT ENVIRONMENT

ENGINEERING MODEL TESTE[)INS  PACE ~

“FLIGHT QUALIFIED” SYS1 EM

~ FLIGH1

“FLIGHT PROVEN’ SYSTEM~ ‘Y S T E M S

l;1GURli2.  NASA ”l’czhnology  i&adincssI.  cvcis.



,, . .

‘1’AIll.li  1. K-Rarlkirlc. }'cJwcr ~ol]vcrsionS  ystc.l~~' l'cctll~ologyAs scssll~cr~l.

Sta[rmf-the-Arl NASA ‘1’cchnolocv Nccdcd IWxxrrch /1 lc.m . . .
Ass&s~ncnt Readiness I ,cvcl I )c?vclopmc.nt

l’iping ● Nb-lYcJ7,rcot~~l~~crcially available,

lloilcr  /
IWhcatcr

}Ioilcr 1 ~ccd
‘1’urbopump

Rotary  l;luid
Managcmcnl
1 )cvicc (R1(M1))

valves

Acc.mulamr

llcaring Supply
~oolcr &
IWcupcralor

‘1 ‘ut-binc

}Icarings and
Seals

Altc.rna[or

● 1.i-heated K boi Icr rkmonswcd
in ORNI.  and NASA cxpcrimcrm

● }’otassium mrbopump has been
tcslcda[ 1100Kfor2S0 Ohours

● Sn~all-scalc  RFMl}s  tcslcd on Space
Station Ikccdom and 1100s1 Survc.illancc
& ‘l’racking Satellite (lH’I’S) programs
using organic working fluid

● Successful K~-135  tCS[S

● Gnvcntional  design, Nb-l%7,r
commercially available

● Similar accumulator used on
SNA1’ progran~s

● ~onvcx)  lional dc.sign, Nb-l%y,r
con] mrc.ial I y avai Iablc

● Succc,ssful pcrformanccof K
turbine lcsls

● Moislurcrcmoval methods dc.nmslra[cd
. Acccl~Mblc  bladcc.rosioll

● Shorl-tc.rm IC.SLS of K bearings
in proper temp. rmgc successful

. 1,ow-voltage alternator nc.cds to bc,
dcvclopcd

4

3

4

4

3

4

3

4

4

2

● l.iquici rnctal mass transfer
rc.warch

● }’otassiun~  boiling rc,scarch
● Single tube boiling cxpcrimc.nts

● I.ifc[imc testing in K

● RI;MIJ  pcrformanc.c will] K

● Rc]iabilily ill K al
opc.raling temp.

● Scale-ul) 10 full sin

● 1 )ctailcd design and integration

● (haraclcrizalion of
turbine blade cmsion

● Stability Ic.sting of
rotor / bearing syslc.m

● } ligh-currcn[, low-voltage
altcmator windings

— ——

,.Jghnol Q&y Read incss .Cvcls

Most of lhc cmnponcnls arc at 1.CVCI 3 (~onccj~h)al Design ‘1’cslcd Analytically or lixpcrimcntally) or 1.CWC1 4
([;rilical  1 ‘unction/ C%aractcristic  l~clll(~l)stralc.{1). }Iowc.vcr, the. low-voltage, high-currcnl altc.rnalor, lhc polassium
shear flow condcnscr,  and the main power systcm niobium-coated carbon-carbon ({:-~)  heat pipes were identified as
being only at 1 I.vcl 2 (Gmccptual Design Formulated).

Iechnolo-cssments and Major ]) C}JCIQ pmcnt

‘1’hc assessment of lhc current slate-of-the-arl and the major research an(j (jcvclopmcn[  issues for tjlc various
subsystcm arc (jiscussclj next

l’otassitlll~-l{allkine  l’mvcr Conversion Systems

Ckmsi(icrab]c research and cicvc.lopmcmt  was performed on K-Rankinc systems in the LI .S. in the 19(0s. ‘1’his
included power rcaclor cxpcrimcnts  that dcmonslralcd  successful operation of various components and subsyslcms,
and over 1 @100 hours of testing of the boiler and olhcr conq)oncJNs in the SNAI’-5O syslcm. Rcscarchcrs  in Russia
arc currently engaged in K-Rankinc component testing inclu(jing two-phase. potassium boiling cxpc.rimcnls.
1 lowc.vcr, dcvc.lopmc.nt in the 11.S. has not gone beyond the componclll lC.VCI.



‘l’All] Ji 2?. 1 lcat ~c~cclion Sys[cm I’cchnology  Assessment.
- .—. —. .

lkm State-of-the-Ar[ NASA ‘1’cctmolcrgy NcILlcLi kcscmch /
Asscssmm I@adinc.ss  1 I.vcl Ikvcfopmnl

-...—— ——-.

Stmrr };1ow ● lk,sig[~n~cti~ds }]avcbcz,[~ validakd 2 ● Opcralicrn wilh potassium
Qmdcmcr on organic Rank irm c yclc program

● KC-135 tc.sts have vc,rificd
performance in mrmG

Main Ra{iialor ● } lcal-pipe opcratirm in zc.ro-G 2 ● Fabricatiorl of Nt~-coalc4i
has been dcnmnsiratcd  gcncricaliy CX heat pipes

● Fabrication of ~-~ silapcs has
bmn demonstrated

● Nb- 10AYx commercially avaiiablc

Almmator and ● Sanm as main radiator 2 ● Sam as main radiator
llcaring Goling
IWiialor

-. ..—. ..—. —

‘1’AIII J i 3. l’owcr ~onciitioning Systcm “1’ccilnoiogy  Asscssrncm(.
- .. ——.. —

IIc.rn

--

Rczlific.r

Gi)ic

Swilcim

IWclificr [holing
Rruiialor

Staic.-of-thc-Arl NASA ‘J’c.cimoiogy NcrxicLi Rxcarcil /
Assessment Rca(iincss 1 .cvci 1 )cvcioJmKnl

● ‘1 ‘hrcx-pilasc si i icon c.ontroi ic<i rec. ti fic.r 4 ● lntcrfacc  wilil C.(K)] in~ SyStCIll
(SCX) asscrnbly commmialiy  avaiiatdc

● }Iigh-current aluminium or copp 4 ● Vcriflcalirm of thcrmai
extrusions commonly used on n]anagc.nwnl an(i
si~ips ami clczlric submarines structural {ic.sigll

● 1 lice.iron icai i y opcmlcd  non-load 3 . 1 )cvciopmcnt  of iligimr
break swilci~cs designed for cL]rrcnl switcilc.s  uj) [0
space usage up to 1500  Amps S()()() Amps

● IIigil-power (1.5 MWC) resistors 4 ● Vcrificalion of limmal
avaiiablc commc.rciaii y nlanagcmc.nt

.1 ~w-tc.rnp. (298 K)~cat  lliim 4 ● Nrm
rariiators of 5 kghn avaiiablc
with current ic.cimology

‘1’czhniqucs for two-phase flow n~anagcmcm[ have bcm (icvclopcLi in supporl of organic Rankinc syslc.ms  for Space
Stat ion I ;rc.cxiom and for dynamic isotope powc.r syslcms. Also, operation of rotary flui(i m:inagcrncrll (icvicc.s
(H’MIIs) have bcm dcrnonslratcd in shorl-dura[irm Kc- 135 z.cro-G [CSIS.

1 )cvclopmcml rcquircmcnts  for K-Rankinc syslcms incla(ic tiw (ic.vclopmcn{  an(i testing of compiclc syslcms,
c.valuation of lurbinc erosion and iong-tcmn crccp bci)avior, cil:iraclcri~alior] of polassium two-pilasc flow ami fluid
n]anagc.mcnl  in zero-(i, lifetime tcsling of componcnm, Fdbrica[ion and dcmonslralion  of carbon-carbon heal-pipe
radiators, and low-voltage, high-currcrrt aitc.rnators. }~iaaiiy, although not uniquc,iy associated witi] li~c K-Rankinc,
syskm, there wiil Ix a general rcquircrncn[  for dc,vclopmcnl of spat.ccrafl “asscrnbly”  or “[iockiag”  i~ardwarc (sue.iI as
cormcc.tors  and ti)c like) and techniques bccausc of liIc  nmiular Marc of ti]c vci]iclc. }/or lilt power syslcm, lilis wiii
inclu(ic lim nmd for low-voltage, higil-current (icviccs.



‘1’A}H,}14. I,i-1’ropc]hmt MI’1)  q’hruslcr ‘1’cchrio]ogy  Asscss1llc1ll.

—

llc.m State-of-the-Arl NASA l’mhnology Nccdcd Research/
Asscssmcn( Ilcadincss 1 -cvcl IX.vc.loplncnl

-. -.

caltlodc

Anode

1 ,i-1’ropcllan(
1 (cd S ystcm

insulator

Anode }Icat
Rcjcclicrl)

Applicxt-};icht
Sokumid

‘J ‘tmmal Radia(ion
Shicki

l’lumc Shicki

“ I ‘or’mcr Sovicl lJn ion dcmonstrahxt
500 hours with I .i propellant

● 1,ow-power  alkali -mc,tal MPIJ throslc.rs
dcmonslralcd in lJ.S. in IWifls & 1970s

● ~alhodc test facility complctcd a[ J}>l.

● Formc.r Soviet lJnion dcmonsir-a[cd
high-~x)wcr  (1 MWC), high-cfficic.ncy,
radiation-cooled anode with 1,i

● I nw-~wcr,  radiation-cooled alkali-
mctal Mt’IJ lhrustc.rs dcmonslmtcd
in LJ.S. in 1960s & 1970s

● ~csign & fabrication of small
(100 kWc M}’l)) 1 i feed sys[cm
complclcd; tcsling to begin in ’93

● G and }Ig flow systems have bet.a flown
● Vaporize.r similar LO liquid metal heat pipc,s
. Ground test cxpc.rimcllts in Russia

● Matc,rials compatibility tcs[irrg wi[h
yllria and thoria cm-goin~

● } lcat pipe. pcrfm-mancc al 1100 K
dc.mons[mtcd

● I’umpcd liquid metal loops
dcvclopcd for space power

● 1 ow-powc.r.  appl icd -fIckl,  1 .i thrll slc.rs
have been dclnonslralcd with
high efficiency (GO%)

● Multi-foil shield used on Drayton
l)ynamic lsolopc l’owcr Syslcm
(lJI I’S) and other spacz  programs

● Preliminary analytical modeling of
1.i-Ml’IJ  plumes by former Sovicl lJ]lion

3

3

3

3

3

3

4

3

● Measure tcmpcraturc,
(iistribulion and erosion
rates; val idalc. models

● 1 ,ifctimc tc.sls wilh 1 .i
● Scale-up to 750 kWc

● Reduction of ancxk powc,r
fraction; gconvs!ry
optimization; h@-lcmp,
material properly data;
fabrication with high-
tcmp. material

● opcrali on in y,crOG
cnvironrncnt

● Validalc I ifclimc

● } ligh-tcliip. opcra(ion in
Lhrustcr cnvironmcnl

● Dcvc]opmcnt,  fabrical ion,
and tcslirrg of integral hcaI
pipe anode

. I)cvclopmc.nt / validation of
CO({CS for apldicd-fickl MI’l X

● IMnonslration of aj@ic41-fickl
thrus(crs at high power IC.VC.lS

● None.

● I’lutnc  codes and mcasurcnlcnLs
ncc4Jcd for dc.sign

‘1 ‘hc major tczhnology  dcvclopmcnt  i(cms arc:

●  I)cvclopmcnt  t e s t i n g  o f  complctc  syslcms. Although cxtcnsivc  testing of potassium Wmkinc
cmnponc.nts took place in the lJ.S. in the 1960s and 1970s, the in[c.raclion  bc,lwcmr componcn[s on a sys(cm
lCVC1 has not bcm invcstigalcd or dc.mons(ratcli.

● Two-phase fluid management in zero-(;. q’hc feasibility of a rotating fluid manage.mcnl dcvicc
(K1’MII) has been dcmonslralcd in z.cro-(i in K~-135 tests. } lowcvcr, dcvc]opmc.nt  and dcmmslration of a
promtypically sized R};MIJ for a pcxassium  cycle is ncc.dc.d.

● Refractory alloy rt~acl~ining/w(’ld ing. ~apabililics  for refractory alloy machining and wckling Ihal
cxislcd in lhc lJ.S. in lhc 1960s ncds  to bc rc-cs(:it~lisllcd.
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9 I)cmonslration of lifetime of turbine blades/seals. Moisture control clcviccs iha( mitigate
potassium turbine erosion wcm performance kxkd in k early 1970s, but were not lifclimc lcsbxl.  1 lardwarc
that cihr removes moislurc from lhc low pressure, slagcs of the. turbine or tilal can allow moislurc without
cxccssivc  erosion nmls to bc dcvclopxl,  dcmonslrated,  and li fc kxlcd.

● Carbon-carbon brat pipe radiator fabrication and dmonstra(im. Carbon-carbon composilc
ma(c,rials  arc good candidate.s for radiafors bczausc  of lhcir high strcngh and light weight, }~abricalion of carbon-
carbon composite into heat pipe shapes, inscrlion of tbc mc.tal liner and joining of C-c to Nb - 1 %Zr piping
llCdS tO bC dc,monswmd.

● l.ow-voltage, high-rurrml alternators. l“ypical AC dynamic power conversion systcm allcnlators
opcralc al 1000 Volts. ‘1’hc allcrnalor vollagc in this s[udy is 100 V AC at 17(KI Amps to provide the rwquircd
input vollagc to the thrus[crs. Dcvclolm]cnl of this low-vol[agc alternator is ncccssary.

. Spacecraft assembly in orbit. q’hc spacccrall will bc assembled in orbit after the launch of several heavy -
lif[  launch vchiclcs. II is assumed that lhc assembly can bc accomp]ishcd by the simple docking of scpamlc
subsystems and booms, with no welding rcqlJircd. ~“hcsc, connections require dcsigll/dcvclc)l~i]]cllt,

Power  l’recessing Systms

‘1’here arc a number of advanced power-contro] tc.chnologic.s that will bc rc.quircd to implcmcnl high-power PPUS
for megawatt-class NH}’ vchic]cs using MPD  thrusters. ‘1’hcsc  range from rcla~ivcly  common near-term tc.chnologics
requiring only lhc mmlc.s[ advanccmc.nLs in Wr[c-of-lhc-arl, to lolally rrmv dcviccs that musl bc uaiqucly  dcvclopcd  for
a megawatt-cla.ss clcc.lric propulsion ]’111 applical ion, 1 ‘or example, space-qualified clcctromcchan ical non-load
break swilchcs  ra[cd al 1.5 kiloamps arc available cotomcrcially,  and high-power scmiconduc(ors  arc currently under
dc.vclopmcnl for lc.rrcslrial applications. 1 lowc.vc.r, dcvc.lopmcml  of radial ion- and space-qual ificd ccluipmcnt and
dcviccs (such as high-frequency magnetic ma(crials and pmvcr semiconductors inc]uding power inlc.gralc41 circuiLs)
will require significant improvcn]c,nLs.

‘1’hc major technology dcvc]opmcnl itcm is:

● l.ow-voltage, high-current, space-qualified and radiation-qualified scmicorrduclors. I1i~h -
J)OWCr scJnicondlJclors arc ill dCVCIOpJ~~CJ~t  al lhc ~~; ~Orp. ~&]) (; CJ)ICX and al }]arris SC.Jl)iCOJl(illCIC)r Corp.
(1’cmp]c 1993). Additional dcvclopmcnt  of these dcviccs  will bc nccdcd 10 qualify lhcm for lhc Ibcrmal an(i
radi:ition CUVirOJ)lllCJIL$ of lhc NM’ vchiclc. Also, dcvic.cs dcsignc41  (o operate at higbc.r lcmpc.ralurc,s would
simplify 11 )C power processing unit’s rad ialor rcqui rcmcnLs and design.

1.itllillJll-l’rol)t’llant  M1’1) Thrustrrs

Quasi-stca(iy-sla(c Mt’IJ  lhruslcrs have been flown in space by tbc Jal)ailcsc. }Iigh-power (500”  kWc),  bigh-
cffic.icncy (60%) self-field s[cady-state M1’D tbruslcrs have bum dc.monsh-atcd by Russia in ground tcsls. Shori-term
tcsls (tC.JIS of minulcs) at power ]CVC]S up to 1 MWC, bavc been acbicvcd for self-field, radiatiml-cooled 1.i-MPI)
thruslc.rs. Vario~Js  tcs[ facilities cxis[ for 100-kWc class Ml’I) thrm[crs; howc,vcr,  large.r ICS1 facililic.s will bc
rcquircxl for loJ~g-term testing a[ megawatt power ICVCJS. l;inalty, computer mode.ls arc. bc,ing dcvclopcd [o predict
performance and lifclimc ford iffcrcnl gcnmclrics and opcralion cond i lions.

I)cvc.lopmcnt  rcquircmcnLs  for MI’D lhruslcrs include evaluation of catbodc lifetimes, fabrication of refractory
metal colnponcuts, validal ion of anode, thermal managcmcat  schcmcs, and dcJnoJlstralioJl  of app]icd-fic]d M }’1)
Ihruslcr  performance al mcgawatl power levels, l~or the 1,i-MPIJ tbrus[c.r, there will also bc the nc.cd for
dC.VCIO])lllCJll  Of lCSL faCil iliCS fOr high-power 1,i-MPIJ thrUStCrS, high- tC.llll)CralUrC C.lC.ClriCal iJISUl:tliOJl  Jl)alCri:ilS
compatible with lithium, and z.cro-(;  lithium vaporizers and fc.cd sys[cms. I/i Jlally, [hc issue of 1 i plume
contamination, including (lclailcd mcasurcmcnts,  modclillg, and cnginccring  solutions (such as plume shields,
standoff dislancc, and so on), will nCCd to bc resolved.



‘J “he. major tcchnolcrg y dcvclopmcnl  items arc:

. Cathode lifetime. ~$csling to date has shown that cathode erosion can c.ausc  thruster failure after rclalivcly
short operating times in gaseous-feel MPIJ thrustc,rs. ~“hc. maximum (lcmonslra[cfi  lifetime in the 11.S. has bcc,n
30 hours for a fiO-kWc thrus(cr with argon propellant. ~$hc Russiaas  have. tc.sled a Iilhium M}’] J thruslcr for
500 hours at 500 kW& ‘1’hc projcctcd thruslcr lifclimc for the Mars cargo mission is 3,000 hours.

●  ])cmonslration  of s t eady- s la t e  app l i ed - f i e ld  I.i-MI’1) thrus ter s  a t  h igh  power  l eve l s .
A] Jl)lic.d-ficld tllrustcrs }~avckcnd  ct~~ollstratcdcJ lllyatlo w]~owcrlc .vcls(l O-3 OkWc). I; ff{Jrls arc. tlt~dcrw’ayt(J
develop successful analytical rnodclsof applied-fic.ld thrusters, from which dc,sign improvcmcntsa Tld higher
power ICVCI designs can bc bascxi.

● Iligh  temperature electrical insulator’ compatibility with lithium. ~hc insulating ma[crial
bctwccn the anode and cathode must bc compatible with lithium, have a low electrical conductivity, and opcralc
atahigh  tcmpcraturc. Materials currcl~tly king invcstigatd  il~c.lu(ic yltriaandthoria.

● l’lumc contamination reduction/elin~  ination. l’rcliminary rcsulls have shown that the ionized thruster
cfflucn[i sc.arric.(li nmagncticficld  lincsback toward tllcsl~acc vchiclc pri()rlo  rczol~~t~iTlatiol~.  Acondcnsablc
c. fflucn[ such as lilhiummay  dcpositon lhc, spaccvchiclc surfaces, with tllcrl~osl vlllr~cral)lc  collll)orlcrll bcil~g
thclow-tcmpcraturc(-  300 K) W’Uradi atorson thcl’i’M. l~cposilion of lithiumcoukl  scvcrclycliminish lhc
cmissivily of lhc radiators, reducing lhcir performance. I ixpcrimcnts  must bc performed 10 dc.tcrminc the. c.xtcnl
of the plume contamination phenomenon, dcpc.ndc.ncy on thruster dcsigll, and methods 10 rcducc or c.] iminatc. the
condensation on spacecraft surfaces.

● l~abrication  of refractory metal components. ‘1’hc M}’]> thrus[cr will operate at tc.mpcralurcs beyond
the range of conventional materials (> 1100 K). Refractory metals have. bcc.n dcvc.lrrpc.d, and components
fahricalcd asparlof thcspaccn uclcarp owcr]}rog,ramsin  lhc 19 fiOs and 1970s. Nb-l%7,r  iscommcrcially
available., and higher tcmpcraturc,  materials (A S’1’Ak-81 IC: and AS1’AR-1511~)  arc available. in pilot-plant
quanti(ics.

● Anode thermal management. ‘1’hc M1’D thrustc.r subjects the. anode clcclrodc  to significant hca~ fluxes.
I’hc anrxlc caT~ bc cooled either with active cooling using a liquid metal coolant, or wilh a heal pipe radiator.
“1 ‘hc.rmal nmnagcmc.nt techniques need to bc furthc.r dcvc.topcd  once anode gcomctrics  arc. slwi fic.d and mate.rials
arc sclcclcd,

. ]?acilitY dc~elopn]ent  for high-power l.i-M1’1) thrusters. Vacuum icst facili[ics arc available for
tc.s[ing ] 00-k Wc class 1,i-Ml’l  J (h WSkTS. 1,argcr facilities need to bc twill, or c.xisling facilitic.s  nmdific.cl,  10
ac.commodatc, M Wc class 1.i-MI’11 thrusters. Ilc.cause lithium is a condensable mate.rial, vacuum pumping
rcquircmcnts  arc not significant; however, safe.ty issuc,s and mclhods for clc.a[~ir~~rc.~~~oviT~g  lithium cftlucnt
from the chamhcr nccd to bc examined. ‘1’hc IC.SI chamber must bc large enough to explore phmm conlan~iTlalion
c, ffccl%

c 7Jero-(; vaporizers for lithium feed systems. ‘1’hc design and fabrication of a 10()-kWc si~.c li[hium
fc.cd syslcm at Lhc. JCL Propulsion 1.aboratory (J1’1.) has been complctcd,  and tcsling will begin in 1993. q’hc
design is similar to a liquid mclal heat pipe, in which a reservoir is hca[c.d and fccxls liquid to a wick. I’hc 1 i is
vaporized al lhc wick surface and flows through a hc.atc.d line to the thrus[e.r cathode. Verification of operation in
xcro-G is rquircd,

))]~vl;],()] ,N,c  r .  ..,c.rl.

00 Ilfki.ctor,

]n March 1983,  the Unilcd State.s inilia[cd lhc S1’- 1 ()() program 10 develop a space rcaclor power sys[c.m c.apablc of
providing the incrcascd power ICVCIS required for space exploration and national security in space. ‘1’hc program was
rcccn[ly cancclcd  along with most of the space nuclear power programs in the U.S. At the time of lhc cancc.]lalion,
Ihc, program was in the detailed dc.sign and c.omponcnt  dcvclopmcn( phase. l;xtcnsivc tcsling of the power systc.m’s
critical components was underway. I.iquid metal lcsting of lhc hca( transporl, energy conversion aTld heat rcjcc[ion
components and subsyslcms,  and Lcsling of the Nuclear Asscmhly (reactor, shic]d, and c.onlrols) were planned for
fu[urc years.



‘I”hc Mars cargo mission requires (ic.vc.lopmcn( testing of the components as WCII as a nuclear assembly test to
cstrrblish  pcxformarrcc of the nuckar  rcaclor  and 10 verify form, fit and funclion of lhc. various components making
up k rcaclor  subsyslcrn in a nuchxrr environment.

), r

Suhsyslcrn-level dcvc]opmcnt of the potassiurn-~ankine system will corrsis[ of an assembly of prototype
components, including boiler/rchcatcr, turbine, fccxi pump, condcnscr,  radiators and rotary fluid management dcvicc..
I’hc, boiler/rchcatcr would bc fed with electrically heated lithium.  I’hrcc of the four tube bundles in lhc boilc.r would
be dummy bundles, as only onc of the four power conversion unils  would h tested, All performance tcsls musl bc
conducted in a vacuum environment, bc.cause of Lhc. corrosion of refractory metals by ox ygc[l at opcraling
tc.mpcraturcs.

Grmponcml  dcvclopmcn[ of the power processing subsystcm  includes dcvc]oJmKml  of high-current allc.rnalors and
swilchcs.  Subsyslcnl-level dcvclopmcrrt  inclrrdcs pxformancc., functional, and clc.clromagnctic  intc.rfcrcrlcc tc.sling of
the complclc subsyshm, including altcmator,  swi(cks,  rcclificrs  and cooling radiator. An electrical tcsl lha[
inclu(ic,s the prototype booms would not bc practical, duc m tile lcng[h of Lhc. booms. Room voltage drop arid ~)owcr
loss must be sirnuiatcd for lhc tests. ‘t’his tcsi does not nc~d to bc. conduclcd irl a vacuum cnvironn~crr[,  bc.cause
rc.fraclory materials arc not involvcxi.

B ,! m.slc.r

1 )cvcloprncnl  tcsling of 1.i-propellant Mi’11 lhrustcrs must inciu(ic cxpcrimcrltal  rncasurcmcnls  of rc.search-t ypc
thruskrs  in order to characlcrizc  pcrformancc,  and 10 provicic. inpul to vali(iation of conqmlcr  co{ic,s. (Wits must be
vaiidatcd  for a variety of dc,signs for applied-field sole.noids, anodes, cathodes, ar)(i insulators. Subscqucn[ly, a
protolypc can bc {icsignc~i and Icslcd. I’hc lithium fcixi syslcrn arl(i anrxic hca( rejection syslcrn  must un(ic.rgo dc.sign
trade shrdics and reliability tc.sling. McasurcmcnL$  and modcliing arc ncccssary in orxicr to cilaraclcrizc and firr(i
solutiorm for plume cor~tamination of lilt spacczrafl,

1,i-propclianl M} ’I> tilrusters rnusl bc tc.stcd in a vacuum cnvironrncrlt of less lhan 10-2 Pa (1()-4 ‘1’orl). A vacuum
facility musl bc large enough so that there is nlirlimrrrn inlcrfcrcncc  wi[i) ti)c plurnc expansion. };or mcgawall-class
thrustc.rs, a ctrarnbcr size of ai lcasl b-m ctiamctcr and 18-n~ tong is rccomrncndcd.

~wt(’nl-l.  m’ci l)evt’iop mcrr( ‘1’w

Ilccausc of the size of tile Mars ~argo Vchiclc, a test of the entire vchicic. is not practicai. ‘i’csts of tim various
subsystems dcscrii~cLi above., arc assumed to bc acicqlalc..

~)]cvtI,op~l};N’l°  AN]) Ou A1.llUC~’10N  TIIXr!’lNG  SCIIICDUI.lCS

}iigurc, 3 summarizes the dcvclopn~cr~t/quaii ficaiion  scilc{iuics  for tile Ilrayton, Stirling, and Rankinc power
systems, and for the l.i-MPD thrusters. Alihotrgh lhc Rankinc systcm is preferred from a mass an(i volume
pcrs~~c,ctivc, it has Ihc longcsl dcvcloprncn[ liruc rcquircrncni of lhc lhrcc power syskrn  options duc 10 tile need to
dc.vclol) and (iuaiify subsysicms like the vapor-driven pump, prcilcalcr, valves, rotating flui(i rnanagcmcn[ [icvicc, ari(i
so on. Also, cxpcricncc  with Ilankinc systc.rns is rnorc lirnilcxi than that with Stirling or Draytorl, so more li fc
tcsiiilg wiii be required. If a primary driver is the ncxxi to rnirlirni~.e program sctxxiulc rati~cr than maximize vchictc
pcrformaucc., Li)c. }Ir:iylon system could bc ready approximately five years smmcr than li]c klankinc. “1’hc Stirling
systc.rn is intcrmc(iiatc in sci~cdrrlc arr(i vchicic performance.; its dcvc.iopmc.n[ schcdulc  is longer than lhat of li]c
}Irayion duc to ti)c nmrc c.omplcx  and higi]cr powc.r an(i tcmpcraturc  of the Stiriing engine..

‘1 ‘hc Mi’IJ  tilruslcr schc.(iLIlc was [icsignc{i  assuming a similar (icvc.loImlcrl[ pcrio(i as lhc Rankinc syslc.rn. If
nc.cdcd,  lhc Mi’D dcvctoprncnl  schc(iulc coui(i bc corn imcsscd somewhat. l:inaily,  aiti)ough the S}’-100 rcaclor
(icvcloprncnt scilcduic is not Lhc focus of lhis siudy, ii si~ouid bc noted lha[ ad(ii[ional time (1 to (i years) wouid nc.c.d
to bc a(i(ic~i LO the rwctor’s  dc,vciopmcnt schcduic. LO rccapturc tccimoiog y if lhc.rc is a ciclay in tile S1’- 100 program of
more lhan four years.
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Near-term S1’- 100 rcaclcrr,  K-Rankinc power conversion, and 1,i-propellant MPI) tbruslcr technologies and sys[cms
arc applicab]c {o a broad range of NM’ missions in supporl of human cxp]ortition of the solar systcm, such as lunar
anti Mars cargo missions and potentially tbc pilotc,d  porlion of Mars missions (Frisbee and }Ioffman  1993),
}ilr[hc.rmor-c, S1’- 100 rcacior-based powc.r systc.m technologies arc synergistic with surface base power app] icatirms,
as WCII as propulsion applications. }lowc,vcr, tbcrc is the polcrrtial for significant slip in lhc overall program if Sl’-
10() dcvclopmcnt  is dclayc.d more than four years. lJnforhlnatcl  y, as of this writing (Scptcmbcr  1993), funding for
the S1’- 100 nuclear rcac(or program in fiscal year (IJY) 1994 has bcm climinamct, lcavirrg only IJY’93 funding for
close-ou[ of lhc projccl.

K-k!ankinc  power conversion has the potential for the grcatcsl  mission kcnc.fit in terms of mass and volume, but it
rc.quircs the most [icvclopmcn~, In this regard, it may bc possible to rnakc.  usc of Russian cxpc.ricncc in this area.
IIigh-current, low-voltage turboaltcrnators arc ncc(icd for the Mt’11 thruster systcm envisioned here, allhough onc
al tcrnal ivc would bc to u sc more nc.ar- term high-voltage. al (c,rnators at the potential cost of added transformer mass.

l’owcr processing is not cxpcctcd to bc a major tc.ctmology  driver; for example, space-qualified c.lcc~t)t]~cct]at~ical
non-load break swilchcs rated for kiloamps  arc availab]c  commcrciall  y, and high-power scmicond uctors arc. currcntl y
under dc.vclopmcn( for tcrrcslrial applications. } lowcvcr, dcvclopmcnt of rad iation - anrt spat.c-qual ificd equipment and
dcvicc,s, such as high-frcqrrcncy  magnclic materials and power semiconductors including power integrated circuits,
will rczluirc significxan[ improvcrncnts in technology for lbc N}W application.

A technology push for ]ongcr MPKl lhruslcr ]ifc (>~ooo hours) is desirable 10 rcducc mass, syslcm comp]cxily,
aTld packaging corMrainL% Ml’]) thruslcr  lsl,s of 391049 kN-s/kg (4,0(K) 105,000 lbf-s/lblll) and efficiency of 60%
arc nccxlcd. }Iighcr thruster cfficicncics  arc dcsirab]c to rcducc trip time, allhough lhc NIi}’ vchiclc performance is
only modcratcl y scnsili vc. to loVdl slwific  mass or lbruslcr cfficic.ncy.

liinaliy, wc rccommcnd an evaluation of lhc Russian K-Rankinc lcchno]ogy effort, Also, various technology and
syslcm design options, such as self-field Ml’I) lhrustcrs  or high-volmgc al[crnators, should bc evaluated.

‘1’hc work dcsc.ribcd  in this paper was performed by the Jet Propulsion 1,aboratory  (J}’],), California lnstitu(c of
‘1’c.chnology, uTlclcr contract with the Nalional AcronauLics and Space Adnlinislration, and by the I{nc.rgy I’cchno]ogy
I inginccring {;cntc,r (1;1’1 K), Rockcldync, under contract will] tbc  1 )cparlmcnt of Iincrgy.
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